Microplastics are considered to be a widespread environmental contaminant, posing a serious threat to the aquatic environment. We addressed this issue based on field observations and laboratory analysis of samples from Poyang Lake. We collected sediment samples from 10 sites across Poyang Lake during 2017. Data were analyzed by one-way analysis of variance (ANOVA). Results showed that the abundance of microplastics ranged from 11 to 3,153 items/kg dw in the sediment samples. Except at Nanjishan, the amount of microplastics in different periods decreased in the order: December > April > July. Microplastics with a size <1 mm were the most abundant fraction in sediments, reaching over 50%. Observations under microscope revealed four types of microplastics in Poyang Lake: fragments, films, foams and fibers. Fragments were more common in sediments. Microplastics have complex surface topography, typically including rough surfaces, porous structures, cracks and extensive damage.
INTRODUCTION
Millions of metric tons of plastic are produced annually, some of which are released to the environment (Yoshida et al. ) . The longevity of plastic is estimated to be hundreds to thousands of years (Barnes et al. ) . Consequently, plastics accumulate continuously in the environment and become prevalent in aquatic ecosystems across the globe (Rocha-Santos & Duarte ). Pollution caused by plastic debris is an urgent environmental problem of growing concern due to its environmental persistence and complexity, as well as the potential for microplastics to introduce toxic chemicals into surface waters and the associated threat to marine wildlife (Lwanga et al. ; Li et al. ) . An increasing number of marine species are directly impaired by plastics, as they can become entangled in ropes and drown, or ingest plastic debris that may clog their digestive systems (Hämer et al. ) . Given the increasing use of plastics worldwide, the problems associated with plastic pollution of the environment merit continued scientific investigation.
Plastic debris can fragment in the ocean and then form microscopic particles of plastic, termed 'microplastics' (Cole et al. ) . These microplastics originate from successive degradation of larger plastic debris or can be manufactured as small granules and used in many applications (Sruthy & Ramasamy ) . Microplastics have been confirmed as an emerging pollutant representing a major environmental problem in recent years (Dehaut et al. ) . Many studies have demonstrated how microplastics have ubiquitously permeated the marine ecosystem, and this issue has received increased attention (Welden & Cowie ) . Microplastics (<5 mm in size) possess physicochemical properties (e.g. size, density, color or chemical composition) that promote their bioavailability to aquatic organisms (Rocha-Santos & Duarte ): this is one of the primary environmental risks of microplastics (Li et al. ) . A range of marine organisms have been demonstrated to ingest microplastics in mistake for a food source, resulting in loss of nutritional value of diet, physical damage, exposure to pathogens and transport of alien species (Cole et al. ; Sruthy & Ramasamy ) . In addition, microplastics can adsorb toxic hydrophobic organic contaminants, leading to the question of what risk of chemical exposure is faced by aquatic biota from microplastic-associated contaminants (Beckingham & Ghosh ) . Moreover, the presence of marine microplastics in seafood could pose a threat to food safety (Cauwenberghe & Janssen ) . Hence, understanding the sources, abundance, types and composition of microplastics present in the environment is important.
Microplastics have the capability to accumulate in rivers, lakes and the marine environment all over the world, due to properties such as buoyancy and extreme durability (Jungnickel et al. ) . While many studies on microplastics in the marine environment have been carried out, few have considered the freshwater environment (Wang et al. a; Li et al. ) , even though freshwater may be an important transport pathway for microplastics (Talvitie et al. ) . So far, only a few studies have provided evidence for the presence of microplastics in rivers and lakes, such that data on their abundance are sparse. Likewise, sources of microplastics and their environmental fate remain to be investigated (Dubaish & Liebezeit ) . Numerous peer-reviewed papers have quantified the ingestion of microplastics by marine vertebrates, yet relatively few studies have focused on microplastic ingestion by freshwater organisms (Peters & Bratton ) . Despite the rising concern about the pollution of freshwater by microplastics, studies of microplastic pollution in the inland freshwaters of China remain insufficient (Wang et al. b) . Therefore, research on the microplastics pollution status of lakes can address the poorly quantified levels of microplastics pollution in rivers and lakes in China.
Poyang Lake is the largest freshwater lake in China. Five large rivers carry sediments into the lake (Guo et al. ) . In recent years, human activities such as land-use changes have impacted on the freshwater system, resulting in a series of ecological-environmental problems (Ye et al. ) . Large changes in the water level in Poyang lake prolong the sediment discharge time, increasing the risk of pollutant release (Zhao et al. ) . At present, increasing attention is focusing on the ecological security of Poyang Lake; however, microplastics in Poyang Lake have not been studied. Therefore, accurate data on the spatial/ temporal distribution of microplastics is an important first step to understand how microplastics might be affecting Poyang Lake.
Based on the current research status of microplastics pollution and the importance of Poyang Lake, this study intended to combine field surveys with laboratory analysis to investigate the microplastics distribution and pollution level in sediments of Poyang Lake. Our results will aid understanding of the scale of the potential effects of microplastics on the environment and organisms. Furthermore, the study provides basic data and information relevant to further investigation of microplastics pollution and its ecological effects.
MATERIALS AND METHODS

Study area and sample collection
Poyang Lake (28 22 0 -29 45 0 N and 115 47 0 -116 45 0 E) has an average water depth of 8.4 m and a storage capacity of 27.6 billion m 3 (Guo et al. ) . Located in the north of Jiangxi Province, Poyang Lake drains through a narrow outlet into the Changjiang (Yangtze River), which is the longest river in China. The five major rivers in Jiangxi flowing into the Poyang Lake are the Xuishui, Ganjiang, Fuhe, Xinjiang, and Raohe. Poyang Lake is well known for its ecological and economic importance as well as its rapid changes in lake surface area throughout the year (Shankman et al. ) . The lake's inundation area often increases between July and September, the so-called flood period, and usually shrinks to form a narrow meandering channel of 1000 km 2 during the dry period from October to March. The remainder of the year is called the 'normal period'.
In December 2016, samples were collected from 10 locations, chosen for their potential pollution level and geographic region (Figure 1 ). These sites are representative of the five large rivers that carry sediments into the lake. Site 1 was at the tributary of Xiushui; Sites 2-4 were at the tributary of three branches of Ganjiang; Site 7 was located at the source of Raohe; Site 8 was located in the upstream reaches of Raohe, at the Dexing Copper Mine; Sites 5, 6 and 9 were the tributaries of Fuhe, Xinjiang and Raohe. Site 10 was located in the Najishan National Nature Reserve. In April and July 2018, Sites 1-2, 5-6 and 9-10 were sampled again. Sites 1-10 are referred to as S1-S10 hereon in.
At each site, three 50 cm × 50 cm quadrants were randomly selected along the river bank and the sediments were collected from the top 2 cm using a shovel. The sediments were kept in a plastic bag as one complete sample from each site and brought to the laboratory as soon as possible, where they were then air dried in white dissecting trays until analysis, with covers to avoid contamination. Sampling containers used in the field were plastic; however, precautions were taken so that all equipment was rinsed three times with filtered tap water.
Microplastics extraction and measurement
In the laboratory, extraction of plastic particles was achieved by density separation using a saturated NaCl (1.5 gcm À3 ) solution as the density-controlled liquid (Kunz et al. ) . The dry samples were transferred to a glass beaker for density separation, then the salt solution was added and the sample was magnetically stirred for 2 min. After the sediment had settled, the supernatant was carefully poured through a sieve with 2 μm mesh size. The sediment samples were separated into the size fractions of 4.0-5.0, 3.0-4.0, 2.0-3.0, 1.0-2.0 and <1.0 mm. Materials retained on the mesh were examined by naked eye for potential microplastics or under a stereomicroscope to select suspected microplastics (0.002-5 mm in size).
At present, combinations of physical (e.g. microscopy) and chemical (e.g. spectroscopy) analyses are widely used (Shim et al. ) . The membrane and the material retained on the sieves were dried and observed under Metallographic microscope (Shanghai Precision Instrument Company) to select plastic fragments. All particles were photographed using a Nikon digital camera DXM1200F connected to the microscope. A desktop scanning microscope (S-3400N, Hitachi Electronics, Japan) with 5-3000× magnification was used to observe the morphology of microplastics.
Data analysis
We used the PROC UNIVARIATE procedure to test the normality of the data and PROC TTEST procedure to test for homogeneity in the variances. Duncan's multiple-range test was used to perform multiple comparisons and evaluate whether the microplastics abundance significantly differed between different sites and seasons. The level of significance was set to P < 0.05. All statistical analyses were performed in SPSS v.20. 
RESULTS AND DISCUSSION
The distribution of microplastics in sediment of Poyang Lake
Spatial distribution of microplastics in sediment
The spatial distribution of microplastics in Poyang Lake sediment showed marked spatial variability (Figure 2(a) ). Microplastics abundance at Nanjishan and Wucheng were significantly lower than those at other sites. The abundance of microplastics had an average of 1134 items/kg dw (dry weight) and ranged from 11 items/kg dw (where Ganjiang and Xiushui reach Poyang Lake) to 3153 items/kg dw (in the upper Raohe near the Dexing copper mines) (Figure 2(b) ).
Previous studies have found microplastics in sediments with mean abundances varying from 112 (Lake Bolsena) to 234 particles/kg dw (Lake Chiusi) in central Italy (Fischer et al. ) . Microplastic particles are present at up to 4000 particles/kg dw in river shore sediments of the rivers Rhine and Main in the Rhine-Main area in Germany (Klein et al. ) . Esiukova () showed that microplastics content ranged between 1.3 and 36.3 items/kg dw in sediment along the Russian coast. The average abundance of microplastics in local coastal sediments respectively ranged from 49 to 279 particles/kg dw in Hong Kong coastal regions (Tsang et al. ) . Microplastic particles were found in all samples of bottom sediments of the Russian part of the Baltic Sea, with an average concentration of 34 ± 10 items/kg dw (Zobkov & Esiukova ) . The abundances of microplastics reached 11.0-234.6 items/ kg dw in sediments in Taihu Lake (Lei et al. ) . These results demonstrate that microplastics pollution is a global issue. We found that the average abundance of microplastics ranged from 11 to 3153 items/kg dw in sediment from Poyang Lake, thereby demonstrating that microplastics pollution in Poyang Lake merits our attention. The wide variability in sediment microplastics abundances between different studies may be due to the different sampling depths, sampling locations, number of repeat extractions, and settling times (Besley et al. ) .
We found the most abundant microplastics (3,153 items/kg dw) near the Dexing Copper mines, which was consistent with the higher content of toxic elements. Previous research has revealed a relatively strong, significant linear relationship between microplastic quantities and potentially toxic element/polycyclic aromatic hydrocarbon concentrations in coastal sediments (Akhbarizadeh et al. ) . Ongoing studies are continuing to address this relationship. We found less abundant microplastics in Nanjishan and Wucheng, probably due to their lower levels of human activity. Nanjishan and Wucheng are well known national nature reserves, and as such are less disturbed by human activity. Many studies have found that that microplastics abundance is related to the proximity of densely populated areas and inputs from river estuaries (Frias et 
Temporal changes in microplastics in sediment
The microplastics' abundance during the dry period was significantly higher than those of the normal and flood periods in Xiushui, Ganjiang and Raohe (P < 0.05). The other three sites also showed higher microplastics abundance during the dry period, but the differences were not significant. Except at Nanjishan, the microplastics abundances decreased in the order: dry period > normal period > flood period (Table 1 ). Our study showed that the microplastics abundance in Poyang Lake was higher in December than in April or July. Similarly, Aytan et al. () reported that the average microplastics concentration in the Black Sea in November was higher than in February. Veerasingam et al. () showed that the abundance of microplastics in November 2015 was threefold higher than that in March 2015. The highest abundance of microplastics was observed during the late rainy season, when large quantities of fresh microplastics were washed into rivers from the land during floods (Lima et al. ) .
Grain size and types of microplastics in Poyang Lake sediments
Microplastics had grain sizes >1 mm in Nanjishan. At the other sampling sites, microplastics of size <1 mm were the most abundant, and exceeded 50%. The 1-2 mm fraction was the second most abundant. Overall, the microplastics abundance decreased with increasing grain size, except at Nanjishan (Figure 3) .
Observations under the microscope revealed four types of microplastics in Poyang Lake: fragments, films, fibers and foam. Fragments were the most common type, except at Nanjishan, accounting for 30-74% of microplastics. In Nanjishan, foam was the most dominant component with a proportion of 61% (Figure 4) .
Our results showed that fragments were the most common particle type in the sediments of Poyang Lake, and that particle sizes <1 mm were the most common size fraction. Lei et al. () showed that the microplastics were dominated by fibers, of 0.01-1 mm in size in Taihu Lake. Fragment type microplastics were more common in Marine Protected Areas and microplastics were always present from 0.5 mm to 2 mm (Alomar et al. ). The prevalent type was foamed plastic (range 0.5-5 mm) along the Russian coast (Esiukova ) . The most frequent microplastics dimensions ranged from 0.1 to 2.0 mm, and transparent fibers were predominant in beach sediments of the Southern Baltic Sea (Graca et al. ) . The microplastic particles were primarily fibers and fragments <2 mm in size in Canadian Lake Ontario (Ballent et al. ) . Evidently, different types of microplastics were found in different areas, and were most commonly in the size fraction <2 mm. Fragments were the most abundant types of microplastics identified in the Poyang Lake, indicating that the main source of microplastics was from secondary sources included broken down plastic litter and debris.
Microstructure of microplastics in Poyang Lake sediments
Scanning electron microscopy (SEM) coupled with an energy dispersive X-ray (EDX) unit was used to investigate the surface morphology and oxidative and mechanical weathering textures of collected microplastics. SEM images revealed different surface roughness in different microplastics, showing that the microplastics have complex surface topography characteristics generally characterized as rough, porous, cracked or badly damaged. Fragmented microplastics were observed with various colors and morphological diversity; surfaces were rough or uneven with obvious wear marks at the ends (Figure 5(a) ). Film microplastics comprised irregular films with light and soft textures ( Figure 5(b) ). Most fibers displayed a smooth surface, linear shape, and were blue in color ( Figure 5(c) ). Foam microplastics were white and had various shapes ( Figure 5(d) ).
The EDX analysis indicated that most microplastics contained Si, Na, Ca, Cl and Al. Silicon was mainly present in the form of SiO 2 , and other detected trace elements were probably adsorbed to the microplastics. The plastic fragments with smooth surfaces have weak adhesion ability, while those with serious damage have stronger adhesion ability ( Figure 6) .
Our results showed that the microplastics have complex surface topography characteristics, and are generally characterised by rough, porous, cracked and badly damaged surfaces. These images were due to weathering degradation of plastics on the banks, which results in embrittlement of their surfaces and microcracking, yielding microparticles that are carried into the water by wind or wave action (Andrady ) . Morphological features suggest that microplastics are derived from the breakdown of typical plastic products in daily application.
The EDX analysis indicated that some elements carried by microplastics were not inherent but were derived from the environment. Moreover, microplastics pose a threat to coastal environments due to their capacity to adsorb metal elements. Several metals (Ni, Cd, Pb, Cu, Zn and Ti) have been found in microplastics even after ultrasonic cleaning (Wang et al. a). Therefore, these particles are potentially dangerous to marine species due to their risk of magnification up the food chain. These will be further studied in our future work.
Outlook of microplastics pollution
Annual plastic production has surpassed the 300 million tons mark and the global presence of microplastics in the aquatic ecosystems has emerged as a high-profile contaminant issue (Mintenig et al. ) . To date, recycling has largely failed as a viable solution for the disposal of plastic waste. Environmental conservation agencies are gaining a better understanding of the issue and are beginning to implement strategies to reduce microplastic contamination (Helm ) . The results have many applications, including informing clean-up efforts, helping to target pollution prevention, and understanding the inter-state or international flows of plastic pollution. Furthermore, an important contribution to reducing entanglements can be the development of education programs promoting effective communication. Replacement of the current materials used in daily life with biodegradable materials could also be a recommended mitigation measure.
CONCLUSIONS
Microplastics pollution has become an urgent problem that may have significant and long-term effects on the environment; in particular, on aquatic ecosystems. This study was designed to investigate the characteristics of microplastics pollution in sediment in Poyang Lake. By analysing sediment samples from 10 sites in the lake, we revealed serious microplastics pollution in some parts of Poyang Lake. These results suggest that reducing human activities could aid remediation of the microplastics pollution in Poyang Lake. This work has established a database of microplastics in the Poyang Lake, and its findings are important for better informing researchers in future studies and as a basis for managerial actions. Further studies are required to investigate the effects of microplastics pollution on heavy metals in Poyang Lake.
